particles. This often results in the production of acid sulfates depending on atmospheric conditions such as high relative humidity (RH) (10, 24, 26, 42) . Considerable attention has been focused on the adverse respiratory health effects caused by inhalation of these products. Epidemiologic studies in a number of industrialized countries throughout the world have reported significant association of acute and chronic lung health effects in the general population with increases in these products (e.g., Refs. 2, 27, 30, 33) . In addition to decrements in lung function, these exposures may also enhance respiratory illness (e.g., chronic cough, bronchitis, pneumonia) in children and other sensitive subpopulations (27, 28) . High particle and SO 2 concentrations have also been attributed to a number of significant acute mortality episodes (7, 8) . Interestingly, although the epidemiology of the health effects of combustion pollutants is becoming clear, the physiological and/or toxicologic mechanisms of the effects have not been identified.
Because of the potential impact that exposure to combustion products may have on public health, identification of the intrinsic and extrinsic factors that may influence susceptibility to the pulmonary responses to airborne pollutants remains an important issue. The contribution of genetic background as a host factor for susceptibility to pollutant effects on the lung [e.g., nitrogen dioxide (NO 2 ) and ozone (O 3 )] has been suggested (2, 13, 19, 23 ). An understanding of the genetic basis for interindividual variation in response to air pollutants will clarify the mechanism(s) of host response to the exposure and provide a potential means to identify genetically susceptible individuals who may be at risk to adverse effects of air pollutants.
In the present study, we hypothesized that genetic background contributes significantly to the variation in inflammation and alveolar macrophage (AM) dysfunction induced by inhalation of acid sulfate-coated particles (ACPs) in the mouse. The carbonaceous ACPs employed represent a specific type of acid aerosol that behaves differently from acid sulfate droplets. Although acid sulfate droplets may be primarily absorbed in the upper airways, submicrometer carbonaceous ACPs can readily traverse the airways and reach the lung parenchyma, thereby delivering a more concentrated acid sulfate to the alveolar region. To test our hypothesis, we partitioned the interstrain (genetic) and intrastrain (environmental) variance in pulmonary re-
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sponses to ACPs in nine inbred strains of mice. Results from these studies demonstrated a significant genetic component of susceptibility to ACP-induced AM dysfunction. However, ACP challenge caused minimal to no infiltration of inflammatory cells or airway hyperpermeability in all strains tested and therefore suggested that the effect of particles on AM function was independent of inflammation. Furthermore, a significant correlation between the strain distribution patterns for susceptibility to ACP-and O 3 -induced inflammation [previously determined (22) ] may suggest that a common mechanism(s) exists for these end points.
MATERIALS AND METHODS
Animals. Male (6-8 wk of age) mice of the following inbred and hybrid strains were purchased from Jackson Laboratories (Bar Harbor, ME): A /J, AKR /J, B6C3F1 /J, BALB /cJ, C3H /HeJ (C3), C3H /HeOuJ, C57BL /6J (B6), SJL /J, SWR /J, and 129 /J. The animals were housed in an antigen-and virus-free room. Water and mouse chow (Agway ProLab RMH 1000) were provided ad libitum. Sentinel animals were examined periodically (titers and necropsy) to ensure that the animals in this room remained free of infection. The mice were handled in accordance with the standards established by the US Animal Welfare Acts set forth in National Institutes of Health guidelines and by the Johns Hopkins University (Baltimore, MD) School of Hygiene and Public Health Animal Care and Use Committee.
ACP generation and exposures. Carbon Black Regal 660 (a generous gift of Cabot, Billerica, MA) with a specific surface area of 90 m 2 /g was used for these studies (composition, 96.90% carbon, 0.30% hydrogen, and 1.42% oxygen; empirical formula C 910 H 34 O 10 ; 25 nm parent size). The chamber characteristics, aerosol and SO 2 generation and monitoring, particlesize analysis, and particle-associated SO 4 2Ϫ analysis have been previously described (11, 12) . Briefly, a flow-past noseonly inhalation chamber was used for exposure of the animals to a mixture of carbon black aerosol and SO 2 at 85% RH. The carbon black aerosol was generated with a Wright dust feed (BGI, Waltham, MA) and monitored with a real-time monitor (RAM-1, Monitoring Instruments for the Environment Technologies, Bedford, MA). Time-weighted carbon black aerosol concentrations were measured with 25-mm, 0-to 2-µm pore size membrane filters (HT200, Gelman Sciences, Ann Arbor, MI) held in an electrically conductive 25-mm-diameter openfaced filter cassette (01-038-1, Fisher Scientific, Pittsburgh, PA). Aerodynamic aerosol size distributions were measured with a 10-stage Sierra cascade impactor (Anderson, Atlanta, GA). Metered SO 2 from a pressurized tank containing 1.5% SO 2 in air (Matheson Gas, E. Rutherford, NJ) was mixed with diluent before it entered the exposure chamber. The concentration of SO 2 was monitored continuously with a pulsed fluorescence SO X monitor (Thermo Environmental Instruments, Franklin, MA). Particle-associated SO 4 2Ϫ analysis was performed with a modification of American Standard Test Methods method no. 4500-SO 4 2Ϫ E (5). Mice were exposed for 4 h at a RH of 85% to a target concentration of 10 mg/m 3 of carbon black aerosol and 10 parts/million (ppm) SO 2 . Average concentration of particle-associated sulfates was 285.4 Ϯ 30.6 µg/m 3 . Mass median aerodynamic diameter was 0.29 µm, with a geometric standard deviation of 2.7.
Experimental design and exposure condition. Mice from each strain were divided randomly into 2 groups/strain and placed in restrainers. One group was exposed to ACP for 4 h. Age-and strain-matched mice were simultaneously exposed to filtered air to serve as control animals. Exposure conditions and recovery period were determined in previous studies with Swiss-Webster mice (11, 16) . The pollutant target concentration was chosen mainly based on the biological end points but was relevant to other studies concerning acid SO 4 2Ϫ formation. The carbon black aerosol (10 mg/m 3 ) and SO 2 (10 ppm) concentrations used exceeded normal ambient levels by about two orders of magnitude. However, these levels of carbon black aerosol (15, 17, 18) and SO 2 (38) were reported to be nontoxic in normal animals. AM phagocytotic function was significantly suppressed in Swiss-Webster mice with coexposure to 10 mg/m 3 of carbon black aerosol and 10 ppm SO 2 at 85% RH, the only circumstance in which significant chemisorption of the gas and oxidation to SO 4 2Ϫ occurred. AM phagocytosis was suppressed most significantly 3 days after exposure, followed by a full reestablishment of phagocytotic potential by day 14. Exposure conditions for the present study were based on these considerations.
In another set of experiments, the kinetics of ACP exposure effects on AM phagocytotic function were determined in a susceptible strain, C57BL /6J. Mice (n ϭ 4-8/group) were exposed to ACPs or filtered air as described above, and AM Fc receptor-mediated phagocytosis was measured 0, 1, 3, 7, and 14 days after exposure.
Bronchoalveolar lavage and cell preparation. Bronchoalveolar lavage (BAL) was performed for the measurement of pulmonary inflammation and retrieval of AMs for the phagocytotic assay. Mice were killed by cervical dislocation, and the lungs were lavaged four times in situ with sterile PBS supplemented with 0.1% EDTA (35 ml/kg). PBS contained (in g/l) 5.43 NaCl, 0.50 Na 2 EDTA, 0.57 Na 4 EDTA, 4.73 NaH 2 PO 4 , and 0.40 KH 2 PO 4 . For each mouse, the first BAL return was isolated from the remaining three BAL returns, which were pooled. The BAL returns were then centrifuged (500 g and 4°C), and the supernatant of the first BAL return was decanted. The total protein concentration in this supernatant was measured and used as an indicator of lung permeability. The remaining supernatants were discarded. A bovine serum albumin protein assay kit (Pierce, Rockford, IL) that follows the method of Bradford (3) was used. This assay is accurate from 10 to 2,000 µg/ml. The cell pellets from all four lavages were combined and resuspended in 0.8 ml of RPMI 1640 medium (GIBCO BRL, Life Technologies, Grand Island, NY) supplemented with 10% newborn calf serum, and the cells were counted with a hemocytometer. Aliquots (50 µl) were cytocentrifuged (Shandon Southern Products, Pittsburgh, PA), and the cells were stained with Diff-Quik (Baxter Scientific Products, McGaw Park, IL) for differential cell analysis. Differential cell counts were done by identifying 300 cells according to standard cytological techniques (34) . Airway epithelial cells were identified by the presence of cilia. Cell viability was determined with the trypan blue stain exclusion method.
Fc receptor-mediated phagocytosis assay. AM phagocytosis was determined as previously described (41) . Three 200-µl aliquots of each cell suspension were allowed to adhere to 22-mm 2 bovine albumin-coated glass coverslips in 35 ϫ 10-mm plastic petri dishes (Becton Dickinson, Franklin, NJ) for 45 min (37°C in 5% CO 2 at 95% RH). After the cells formed monolayers, the fluid was removed and immediately replaced with 1.5 ml of 0.5% sensitized sheep red blood cells (RBCs) in RPMI 1640 medium, and the resulting suspension was incubated at 37°C for 45 min. After removal of the RBCs by aspiration and washing of the monolayers with RPMI 1640 medium, noningested RBCs were hypotonically lysed for 10 s followed by several rinses with culture medium. The monolayers were then dried, fixed with methanol, and stained with Wright-Giemsa. The stained monolayers were read microscopically (Zeiss Instruments, Oberkochen, Germany) at ϫ1,000 to quantify the percentage of AMs containing RBCs and the number of RBCs ingested per phagocytic AM. One hundred AMs were scored on each coverslip monolayer, with three monolayers counted per animal. Values (phagocytotic index) are expressed as percent of the air-exposed control mean. For each exposure group, an identical number of nonexposed animals were tested.
Statistics. The effects of exposure (particle vs. air) and strain on pulmonary responses were assessed by two-way analysis of variance (ANOVA) with the SuperANOVA software package (Abacus Concepts, Berkeley, CA). Tukey's test was used for a posteriori comparisons of means. All percent data were transformed (arcsine) before statistical analyses to conform to assumptions of normality and homoscedasticity. The strain distribution patterns (SDPs) for lung responses to O 3 and NO 2 [previously determined (22) ] were compared with the SDPs for ACPs by nonparametric Spearman rank correlation (43) . Significance was accepted at P Ͻ 0.05.
RESULTS

ACP-induced lung inflammation.
The total number of cells in BAL fluid, differential cell analysis, and the total protein level in BAL fluid were used as indicators of lung inflammation (Table 1) . Statistical analysis by two-way ANOVA indicated a significant effect of strain on the mean total number of cells (ϫ 10 3 /ml) recovered by BAL (P Ͻ 0.05). However, neither exposure nor the interaction of exposure and strain affected the total number of cells. Significant strain effects on the mean number of BAL fluid AMs, lymphocytes, polymorphonuclear leukocytes (PMNs), and epithelial cells were also detected (Table 1) . No exposure or interaction effects were detected for AMs, lymphocytes, or epithelial cells. However, compared with that in air-exposed animals, ACP exposure significantly affected the mean number of PMNs recovered (P Ͻ 0.05 by ANOVA). The ACP exposure effect was significant only in the C3H/ HeOuJ and C3H/HeJ strains (P Ͻ 0.05 by Tukey's test; Table 1 ).
No effects of strain, exposure, or interaction of strain and exposure were detected for the total protein concentration in BAL fluid (P Ͼ 0.05 by ANOVA; Table 1 ).
Fc-receptor-mediated phagocytosis. Fc-receptor-mediated AM phagocytosis was used as an indicator of ACP effects on immune function. ANOVA indicated significant effects of strain, exposure, and the interaction of strain and exposure on the mean AM phagocytotic responses (Table 2) . Compared with that in air-exposed control animals, ACPs suppressed mean (ϮSE) AM phagocytotic function in B6 (56.5 Ϯ 2.8% of air-exposed Values are means Ϯ SE in ϫ10 3 /ml for no. of cells and µg/ml for total protein; n, no. of mice/group. PMN, polymorphonuclear leukocyte; ACP, acid-coated particles. * P Ͻ 0.05 compared with filtered-air exposure. (Fig. 1) . ACPs did not significantly suppress AM phagocytotic function in C3 mice. Multiple comparisons of the mean Fc-receptor phagocytotic index by Tukey's test revealed significant interstrain differences in the AM phagocytotic function after ACP exposure. Significant interstrain differences were detected between B6 and all other strains of mice (P Ͻ 0.001). Compared with that in ACP-exposed C3 mice, the phagocytotic indexes of all other strains were significantly suppressed. The kinetics of the ACP effect were determined in the susceptible B6 strain. No effects of ACP challenge on AM function were found immediately and 1 day after a 4-h challenge. The maximum effect of ACPs on AMs was found 3 days after exposure; AM function was still significantly suppressed 7 days after exposure to ACPs (Fig. 2) . AM function was not affected 14 days after exposure. Results are consistent with the kinetics of the ACP effect in Swiss-Webster mice (15) and indicated that the effect on AMs is reversible in the B6 strain. There were no detectable effects of ACP challenge on AM function in the resistant C3 strain at any time (data not shown).
To obtain insight about the mode of inheritance of susceptibility to the ACP-induced decrease in AM phagocytotic function, B6C3F1/J mice derived from a cross between susceptible B6 mice and resistant C3 mice were phenotyped for their response to ACPs. Compared with that in air-exposed control animals, ACP exposure had no significant effect on the mean AM phagocytotic function (99.1 Ϯ 6.1%). The range of responses to ACPs by B6C3F1/J AMs largely overlapped that of the C3 progenitor, and there was a slight overlap with the range of responses in the B6 mouse (Fig. 3) . The mean response of B6C3F1/J AMs was not significantly different from the mean response of AMs from C3 mice (P Ͼ 0.05) but was significantly different from AMs of ACPexposed B6 mice (P Ͻ 0.05).
Comparison of SDPs for responses to ACPs, O 3 , and NO 2 . SDPs can be utilized to investigate genetic relatedness between phenotypes. That is, because inbred strains are homozygous at essentially all loci, discordant SDPs suggest that genetic mechanisms controlling the two phenotypes are not the same. Conversely, if SDPs are concordant, similar genetic mechanisms may be involved in the determination of phenotypes, although further studies (e.g., linkage analyses) are required to verify the hypothesis. To determine whether the mechanisms of susceptibility to ACPs may have genetic relatedness to susceptibility to other common air pollutants, we compared the SDPs for AM responses to ACPs with phenotypes of the susceptibility to O 3 and NO 2 that were previously determined in our laboratory (22) . Strains were phenotyped for total protein, PMNs, and epithelial cells recovered by BAL after an acute (3-h) exposure to O 3 (2 ppm) and NO 2 (15 ppm). The Spearman rank correlation procedure was used to compare the SDPs. The ACP phagocytotic index was not significantly correlated with any of the NO 2 SDPs (Table 3 ). The number of lavageable PMNs but not total BAL fluid protein or lavageable epithelial cells elicited by exposure to O 3 was significantly correlated with the ACP phagocytotic index SDP (Spearman rank correlation ϭ 0.88; P Ͻ 0.05; Table 3 ).
DISCUSSION
Clear epidemiologic associations between exposure to particulate matter and adverse health effects have been well documented. Lower airway infection is one pulmonary outcome of particle exposure (6, 29, 36) , and is likely due to effects of lung defense and AM function (44) . It is becoming clear that some populations are particularly at risk to the toxic effects of particulate exposure. These include patients with preexisting cardiopulmonary disease such as chronic heart disease, chronic obstructive pulmonary disease, and asthma (2, 37, 39, 40) . Cancer patients and the aged (Ն65 yr of age) have also been identified as particularly susceptible to the effects of exposure to particulates (37). However, all particle-associated morbidity and mortality cannot be attributed solely to preexisting disease or age. Therefore, alternative explanations or susceptibility factors must be sought.
One of the major objectives of this study was to establish whether susceptibility to the toxic effects of exposure to combustion products has a genetic component. To address this question, we studied the relative susceptibility to ACP exposure in inbred strains of mice. The process of inbreeding (i.e., Ͼ20 generations of sib-sib crossing) results in genetic homogeneity at virtually all loci, and different inbred strains of mice may be homogenous for different alleles at the same loci. Generally, strains with greater evolutionary divergence will have a greater degree of polymorphism than strains that are closely related. These characteristics thus enable investigations into the genetic (mechanistic) basis for a physiological and/or toxicological response of interest or phenotype. That is, if a difference in a chosen phenotype is found after a screen of a number of inbred strains to provide sufficient variation across the species (i.e., interstrain variation), then it may be concluded that one or more loci contributes to the genetic variance observed among the strains. The Strains are ranked from low to high (1) (2) (3) (4) (5) (6) (7) (8) (9) . No. of PMNs and epithelial cells and total protein were determined in bronchoalveolar fluid. * P Ͻ 0.05 compared with ACP phagocytotic index. present study evaluated inflammation and AM function after exposure to sulfate-associated carbon particles in nine inbred strains of mice that were chosen based on their differing lineage and common usage in genetic studies. The significant interstrain variation (genetic) in the AM response to ACP exposure supports the hypothesis that susceptibility to ACPs in inbred mice has a significant genetic component.
To determine whether susceptibility to ACP-induced AM dysfunction is inherited as a dominant or recessive trait, the AM response to ACPs was determined in B6C3F1/J mice that were obtained from a cross between differentially susceptible B6 female and C3 male progenitors. Because the phagocytotic response to ACP challenge in B6C3F1/J mice was not different from that in the resistant C3 mice, it suggests that susceptibility is recessive in this model. Susceptibility to acute lung injury induced by the inhaled pollutants NO 2 and O 3 are also inherited as recessive traits. Further characterization of the mode of inheritance will require formal segregation analyses in segregated backcross and intercross populations derived from B6 and C3 mice as previously done by Holroyd et al. (13) and Kleeberger et al. (21) .
The mechanism(s) of the effect of ACP exposure on AM phagocytotic function is not well understood. Qu et al. (32) found that short-term exposure of guinea pigs to sulfuric acid aerosol induced decreased intracellular pH in AMs. These authors suggested that the effect may be due to facilitated H ϩ influx through an increased passive diffusion rate caused by an acid microenvironment. Simultaneously, the acid may cause downregulation of intracellular pH through inhibition of the Na ϩ /H ϩ exchanger (32) . These changes in intracellular environment may alter normal cellular function including phagocytotic activity. Additional insight into the mechanism may be provided by a previous study (4) that examined the effect of O 3 exposure on AM phagocytotic function. Canning et al. (4) demonstrated that continuous exposure to 0.5 ppm O 3 elicited reversible depression of the AM phagocytotic index, similar to the effect observed in the present study. Pretreatment with cyclooxygenase inhibitors (D-naproxen, indomethacin) significantly attenuated but did not abolish the oxidant effect on AM function. This result and the presence of significant increases in lavageable prostaglandin E, a putative immunosuppressant, in O 3 -exposed lungs led to the conclusion that prostanoids may contribute to AM dysfunction. Similar mechanisms of action may be involved in the effect of ACPs, but further experimentation is required to verify these possibilities.
In the present study, the differential effect of ACPs on AM function appeared to occur independent of pulmonary inflammation. The number of lavageable PMNs in two strains (C3H /HeJ and C3H /HeOuJ) was only slightly increased, and total protein in BAL fluid was not significantly increased in any of the nine strains after ACP exposure. However, the changes in PMNs did not correlate with particle effects on AM phagocytosis because particle exposure did not have an effect on the phagocytotic response in C3H /HeJ mice. These results were consistent with previous results by Jakab et al. (16) with outbred Swiss-Webster mice that demonstrated significant depression of AM phagocytosis after exposure to acid-coated carbon black particles in the absence of demonstrable inflammation. In contrast, Amdur et al. (1) reported significant elevation in PMNs and total protein at a concentration of 20 mg/m 3 of H 2 SO 4 with a mixture of particles and SO 2 . However, the difference between studies is likely due to the ZnO particles used by Amdur et al. (1) because the concentration of these particles may have direct inflammatory effects (9) .
Interstrain and interspecies differences in pulmonary responses to particle exposure in mice have been previously demonstrated (14, 25, 35) . Ichinose et al. (14) found that in ovalbumin-sensitized mice, interstrain differences existed in the amount of eosinophilic airway inflammation, goblet cell proliferation, and ovalbumin-specific plasma IgG1 production induced by diesel exhaust particles (DEPs). Another study from this laboratory (25) demonstrated that C3H/He mice were more responsive to repeated intratracheal instillation of DEPs than were BALB/c mice. After 5 wk of DEP challenge, C3H/He mice developed greater respiratory tract eosinophilia and lung tissue inflammatory cytokine levels (interleukin-5, granulocyte-macrophage colony-stimulating factor) compared with those in BALB/c mice. These studies demonstrated a strainspecific effect of DEPs to induce inflammation and stimulate an immune response and implied the role of genetic background in the models.
Because genetic background has an important role in differential susceptibility among inbred strains of mice to lung injury induced by ACPs, O 3 (21) , and NO 2 (13), we asked whether similar genetic mechanisms control responses to these exposures. To address this question, nine strains were ranked in order from high (one) to low (nine) for each parameter of response and the rank orders (SDPs) were compared for concordance. Results showed a significant correlation between SDPs for susceptibility to ACP and O 3 exposures but no significant correlation between SDPs for responses to ACP and NO 2 . These comparisons indicate that similar genetic mechanisms may control responses to acute exposures to ACP and O 3 . To further evaluate this hypothesis, a formal linkage analysis of the ACP susceptibility phenotype(s) in segregated populations derived from two differentially susceptible strains is required as done for susceptibility to O 3 (21, 31) . These analyses will identify quantitative trait loci that may be searched for candidate genes that explain the differences in response to ACPs. These studies are currently being conducted in our laboratory.
In summary, we have found that significant interstrain variation exists in the reversible, suppressive effect of inhaled ACPs on AM phagocytotic responses. The effect of ACPs on AM function apparently occurs independent of inflammation. From this, we conclude that susceptibility to ACP effects on AM function has a significant genetic component. Furthermore, suscepti-bility to ACP effects is inherited as a recessive trait. Comparison of strain distribution patterns for susceptibility to ACPs and acute O 3 and NO 2 suggests that susceptibility to ACPs and O 3 may have common genetic mechanisms. This model will be useful to understand the mechanisms through which particle exposure induces suppression of immune defenses and may help to understand the epidemiologic relationship between particulate exposure and respiratory morbidity.
